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Introduction
The physical properties of branched polymers differ significantly from linear polymers of equivalent molecular weight. The design and synthesis of new, well-defined molecular architectures such as star branched polymers 1, 2 , mikto star polymers [3] [4] [5] and H-shaped polymers 6, 7 has contributed much to understanding and prediction of the relationship between structure and properties. More recently numerous strategies have been devised to synthesize more complex branched architectures with various resulting structures and differing degrees of control, including syntheses of dendrigraft, dendritically branched and arborescent [8] [9] [10] [11] [12] [13] polymers, much of this work has recently been reviewed by Gauthier and Teertstra 14 . A number of examples of well defined dendritically branched polymers, essentially analogues of classical dendrimers with an additional polymer chain between branch points have also been reported, notably by Hadjichristidis 15 , Gnanou 8, 16 , Hedrick 17 and Hirao 18, 19 .
Hadjichristidis describes the synthesis of well-defined second generation dendritic polymers based on stepwise convergent anionic polymerization and chlorosilane coupling reactions and whilst the resulting polymers are undoubtedly well defined, the nature of the chemistry, requiring multiple reaction steps to be carried out under high vacuum conditions means that attaining higher generations is likely to be challenging. Gnanou 16 , has most recently reported the synthesis of dendrimer-like polystyrene by atom transfer radical polymerization (ATRP) by a divergent methodology. Using multifunctional calixarenebased initiators for ATRP of styrene and end group modification reactions, third generation dendrimerlike structures were obtained. However, the polymerizations had to be stopped at low monomer conversions to prevent irreversible coupling reactions between growing species and the polydispersity values of the resulting structures were not narrow, in the region of 1.25-1.4. Hedrick followed a similar divergent approach by living ring opening polymerization of ε-caprolactone followed by 3 functionalization and deprotection. The polydispersity of the resulting structures remained relatively narrow with values in the range 1.06-1.16. Hirao also adopted a divergent strategy to synthesize dendrimer-like poly(methylmethacrylate) (PMMA). In this case a series of iterative steps involving a coupling reaction of α-functionalized living anionic PMMA with benzyl bromide moieties was carried out. Up to seven generations of branching was attained with narrow molecular weight distributions (polydispersities of less than 1.05) although detecting imperfections in the structure would become a near impossibility at higher generations, an inherent problem with divergent strategies. Furthermore it is likely that this methodology could not produce such well defined structures from other monomers such as styrene or dienes because of less favorable rates of initiation in these cases. The motivation for much of the above work is to provide 'model' long chain branched materials to help elucidate the relationship between molecular architecture and the physical properties of polymers, specifically the effect of longchain branching on rheology. Indeed the theoretical prediction of the rheological properties of such structures has already been undertaken 20 . To facilitate the experimental validation (or otherwise) of the developed theories, structures with the highest degree of control over, not only the molecular weight and polydispersity of the final structure but also the molecular weight and polydispersity between branch points and degree of branching is desired. Imperfections in any of these parameters must be minimized.
In order to try and meet this challenge we have adopted a different approach to those described above and have adhered more closely to the original concept of dendrimers as our model. Dendrimers were first synthesized in the 1980s via a step growth condensation reaction of AB x monomers and numerous examples have been reported including aliphatic 21 and aromatic polyesters 22, 23 , aliphatic 24 and aromatic polyethers [25] [26] [27] , polyalkanes 28, 29 , polysilanes 30 and many more. The synthesis of dendrimers aims to produce perfectly monodisperse molecules and whilst we cannot hope to produce perfectly monodisperse dendritically branched long chain polymers, adapting the synthetic strategies adopted to synthesize dendrimers should serve to minimize imperfections and polydispersity.
We describe here a strategy to synthesize long-chain dendritically branched polymers by the condensation coupling of an AB 2 macromonomer and coin the term DendriMacs to describe them.
Whilst the resulting structures are similar to many described above, the nature of the synthetic strategy sets them apart. The macromonomers are synthesized by living anionic polymerization and as such are well defined in terms of both molecular weight and polydispersity and the DendriMacs are produced in an iterative convergent approach via a series of condensation coupling reactions. There are numerous examples in the literature of coupling reactions that could be exploited to synthesize DendriMacs, for example, esterification [21] [22] [23] ; Williamson reaction between an alkoxide and a halide to yield an ether linkage [24] [25] [26] [27] ; Suzuki coupling reaction between a boronic acid and a halide [31] [32] [33] . We have used a
Williamson coupling reaction to yield an ether linkage in a similar fashion to that used by Fréchet in the synthesis of classical hyperbranched and dendritic polyethers 25, 26, 34 . This has been shown to be viable by In outline the approach described involves the synthesis of well-defined AB 2 macromonomers by anionic polymerization using a lithium initiator containing a protected primary alcohol functionality.
The living polymer is then end capped with a diphenylethylene derivative containing two protected phenol groups. Following deprotection of the functional groups and conversion of the primary alcohol group into an alkyl chloride, the macromonomer can be built up into a DendriMac via a convergent strategy.
Experimental Section
Materials. Benzene (HPLC grade, Aldrich) and styrene (Aldrich) were both dried and degassed over 600,000 gmol -1 ), THF was used as the eluent at a flow rate of 1.0 ml/min. 1 H-NMR analysis was carried out on either a Varian Inova-500 MHz or Mercury-400 MHz spectrometer using C 6 D 6 as a solvent.
Spectra were referenced to the trace of C 6 H 6 (7.2 ppm) present in the C 6 D 6 .
Synthesis of protected AB 2 Macromonomer-(OH) 3 (IV, Reaction Scheme 1).
Anionic polymerizations were carried out using standard high vacuum techniques, at room temperature with benzene as the solvent and a typical reaction was as follows; benzene (500 ml) and styrene (50 
Synthesis of AB 2 Macromonomer-(OH) 3 (V).
The AB 2 macromonomer with all three alcohol groups protected by tert-butyldimethylsilyl (TBDMS) groups was dissolved in THF (10% w/v solution). To the solution was added drop wise, conc. HCl (37 wt %), mole ratio of acid : protected alcohol was 5:1. The solution was then warmed up to reflux and stirred at reflux overnight. The solution was cooled and the polymer recovered by precipitation into methanol, redissolved in benzene, reprecipitated once more into 7 methanol and dried in vacuo at 50 o C for two days. Yield >95%. 1 H NMR (C 6 D 6 ) CH 2 OH δ 3.15, HOPh δ 3.7-3.8.
Synthesis of alkyl chloride end functionalized polystyrene (VII, Scheme 2)
. Polystyrene was synthesized as described above, initiated with 3-tert-butyldimethylsiloxy-1-propyllithium in the presence of TMEDA. After one hour the living polymer (II) was terminated with nitrogen sparged methanol. The polymer was recovered by precipitation in methanol, redissolved in benzene, reprecipitated once more into methanol and dried in vacuo. Yield >95%. M n 10,900 gmol -1 , M w 11,500
Following deprotection with HCl in THF, as described above, the primary alcohol group was converted into an alkyl chloride according to the general procedure described below.
Chlorination of primary alcohol group. In a 500 ml round bottom flask, 10 g of the deprotected macromonomer (10,900 gmol -1 , 9.2 x 10 -4 mol) was dissolved in 100 ml of benzene under an inert atmosphere of nitrogen gas. To this solution was added 0.58 g (7. 
Results and Discussion
In a recent publication 35 we discussed the synthesis of HyperMacs, long chain branched polymers prepared by the coupling of AB 2 condensation macromonomers in a one-pot polycondensation. The resulting polymers are highly but irregularly branched architectures, polydisperse in both molecular weight and degree of branching; essentially HyperMacs are long chain branched analogues of hyperbranched polymers. In the present publication we describe the synthesis of well-defined, low polydispersity dendrimer-like branched polymers, only differing from dendrimers by the presence of a well defined polystyrene chain between branch points.
Anionic polymerization is a living polymerization technique with no intrinsic termination reaction and
results in polymers of well-defined molecular weight and narrow polydispersity. The living nature of the polymerization also allows for the introduction of functional groups at either end of the polymer chain by using suitable initiators and terminating agents. AB 2 condensation macromonomers have been prepared using a commercially available lithium initiator (containing a protected primary alcohol functionality). The living polymerization was end capped with a readily synthesized diphenylethylene derivative containing two protected phenol groups in a controlled termination reaction. Following deprotection of the alcohol groups the AB 2 macromonomers can be used to build up dendritically branched polymeric architectures. The macromonomers are joined together by via an ether linkage formed by a Williamson coupling reaction.
Synthesis of Macromonomers.
When considering not only the design but also the synthesis of the macromonomer building blocks, our prime objectives were to quantitatively introduce the relevant functionalities that would facilitate subsequent Williamson coupling reactions but also to retain good control over both the molecular weight and the polydispersity of the macromonomers. Since we have adopted a convergent approach to the synthesis of the DendriMacs, the macromonomer forming the peripheral generation, only requires a single 'A' functionality rather than the AB 2 functionality of the other macromonomers. The synthetic outline for the synthesis of both the AB 2 macromonomer and the peripheral macromonomer are shown in Schemes 1 and 2. A full account of the synthesis of the macromonomers is discussed elsewhere 35 .
Synthesis of DendriMacs.
There are essentially two general strategies for the synthesis of dendrimers; a divergent and convergent approach. The earliest examples 38, 39 of dendrimer synthesis were carried out via a divergent approach in which the molecule is built from the inside, out. As the number of generations increases there is a rapid increase in the number reactive sites at the chain ends 
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The Williamson coupling reactions occur between the alkyl chloride functionality present on one macromonomer and the phenol functionalities present on the other macromonomer. Under the mild basic conditions no reaction occurs with the primary alcohol group which after coupling and fractionation can be converted to an alkyl chloride for the subsequent coupling reaction. In each coupling reaction a small excess of the alkyl chloride functionalized polymer is used with respect to the AB 2 macromonomer and this excess and any partially coupled polymer can be separated from the desired product by fractionation of a 1-2% w/v toluene solution of the polymer mixture using methanol as the non-solvent. SEC chromatograms (RI detector response) of the G1-OH and G2-OH polymers before and after fractionation are shown in Figures 1 and 2 respectively.
reaction and the choice of solvent is very important in achieving efficiency of reaction and a low level of C-alkylation. Since the macromonomer coupling reaction will be promoted when carried out in a good solvent for the polymer and Feuer and Hooz 40 suggest that ether formation is favored (and C-alkylation minimized) by the use of aprotic solvents with a high dielectric constant we concluded that solvents such as THF and DMF would be suitable candidates and the use of both has been investigated. The coupling reactions proceed very rapidly in refluxing DMF, reaching completion in a matter of a few hours but the extent of reaction is, we believe, somewhat limited by side reactions between the macromonomer and impurities generated by heating DMF. In work carried out in parallel to this on the Figure 2 . SEC chromatogram of G2-OH before and after fractionation Figure 1 . SEC chromatogram of G1-OH before and after fractionation synthesis of HyperMacs, and previously reported 35 it was concluded that heating DMF to reflux results in its partial degradation and one of the well known products of this degradation 41 , dimethylamine, could react with the alkyl chloride functionality of the macromonomer. The Williamson polycondensation reactions resulting in the formation of polystyrene HyperMacs were similarly rapid when carried out in DMF but in all cases the extent of reaction was limited by side reactions. 1 H-NMR analysis of one of the HyperMac reaction products showed that despite the presence of 'unreacted macromonomer', there was no evidence of residual alkyl chloride functionality. It is apparent that in the present work, the extent to which the coupling reactions proceed may be similarly limited by deleterious reactions with impurities generated by thermal decomposition of DMF. In Figure 2 , the SEC chromatogram of unfractionated G2-OH, we can see that although the major component of this mixture is the desired product, confirmed by molecular weight analysis following purification, there is also present unreacted starting material, both G1-Cl (at retention volume c. 14.25 ml) and macromonomer-(OH 3 ) (at retention volume 15 ml) as well as partially coupled product evident as a shoulder to the main peak. However, one of the principal advantages of the convergent methodology is that after each coupling reaction the crude product mixture can be readily analyzed and purified and after fractionation the desired materials are obtained with narrow molecular weight distributions as evidenced by the SEC chromatograms in Figures 1 and 2 . It should also be noted that whilst the fractionation process is very good at purifying the product of the coupling reactions, this process results in the loss of material and in relatively modest yields. The yield of G1-OH after fractionation is 56% and the yield of G2-OH is 37%.
The lower yield of G2-OH is due to greater quantities of unreacted starting materials and partially coupled polymer in the reaction mixture, almost certainly the result of a higher degree of side reaction because of a lower concentration (c.f DMF) of reactive functionalities on the higher molecular weight starting materials. With this in mind we considered alternative solvents. As previously mentioned the two principal requirements for a solvent for this reaction is that a) the solvent is a good solvent for polystyrene and b) that the solvent is aprotic with a high dielectric constant. These constraints somewhat limit the choice. Other solvents that meet requirement b) include acetone, acetonitrile and dimethylsulphoxide all of which are non solvents for polystyrene. The 'textbook' good solvents for polystyrene, toluene and benzene, both have very low dielectric constants and therefore the only other viable solvent we could investigate was tetrahydrofuran (THF 40 . In contrast to DMF, the reaction in THF proceeded very slowly, after 150 minutes at reflux there was no apparent reaction and even after 5 days at reflux the extent of reaction was only a fraction of that observed in DMF.
The dendritically branched polymers G1-Cl and G2-Cl can be coupled to a multifunctional core, 1,1,1-tris(4-hydroxyphenyl)ethane (THPE) by the same coupling reaction to give dendrimer like branched polymers, DendriMacs, Scheme 4. Hence, a 2g sample of G1-Cl was coupled to THPE via a
Williamson coupling reaction in DMF in the presence of potassium carbonate and 18-crown-6-ether.
Although once again the reaction was hampered to a certain extent by side reactions the major product was the desired G1-DendriMac, which was subsequently purified by fractionation using toluene as the solvent and methanol as the nonsolvent. The G2-Cl was similarly reacted with THPE to form a G2-DendriMac, the SEC chromatograms of the G1-DendriMac and G2-DendriMac before and after fractionation are shown in Figures 3 and 4 . It can be seen that with the molecular weight of the polymer to be coupled having increased, the efficiency of the reaction decreases. This is undoubtedly due to undesirable side reactions between impurities (generated from degrading DMF) and the alkyl chloride functionality, as alluded to earlier. In the case of the coupling of G2-Cl with THPE the crude product of the reaction is a mixture of the desired product and partially coupled material, with the desired product formed in less than 50% yield. In turn this means that although pure product can be obtained via fractionation, the yields become very low. In the earliest reactions, that is the synthesis of G1-OH and G2-OH the yields after fractionation are very respectable, 56% for G1-OH and nearly 40% for G2-OH.
However in the synthesis of G1 and especially G2 DendriMac the efficiency of the reaction did fall away quite sharply.
Reaction Scheme 4. Synthesis of G1 and G2 DendriMacs by coupling reaction of G1-Cl and G2-Cl dendritically branched polymers to 1,1,1-tris(4-hydroxyphenyl)ethane. Table 1 . Theoretical and actual molecular weight data for starting materials, dendritically branched polystyrenes, G1-OH and G2-OH, and polystyrene G1 and G2 DendriMacs.
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We did consider increasing the amount of dendron with respect to THPE but since the major loss of material is due to the fractionation process we felt that whilst we might increase the efficiency of the reaction, overall yields were unlikely to be much improved because of a greater proportion of contaminant to be removed by fractionation. It should be noted however that in purifying (by fractionation) the G1 and G2 DendriMacs, our primary aim was to obtain sufficient pure DendriMac to allow characterization of the material rather than to maximize the yield. The molecular weights of both the dendritically branched polystyrenes (G1-OH and G2-OH) and the G1 and G2 DendriMacs are shown in 
Conclusions
We have synthesized polystyrene condensation macromonomers by living anionic polymerization using an initiator with a protected alcohol functionality and a diphenylethylene derivative containing two protected phenol groups as an end capping agent. Following deprotection and end group modification we have demonstrated for the first time that it is possible to convert these macromonomers into dendritically branched polymers, DendriMacs, via a step wise, convergent strategy. The resulting branched polymers were purified by fractionation and have been characterized by size exclusion chromatography which showed that the molecular weights are in excellent agreement with predicted values. Furthermore, the branching factor g' was obtained by the ratio of the intrinsic viscosity of the branched polymer (from SEC viscometry) to the intrinsic viscosity of a linear polymer of the same molecular weight; as expected, as the degree of branching increased, the value of g' fell, indicating a more compact structure.
However, although we have demonstrated that the concept of synthesis of dendritically branched polymers via a convergent strategy is feasible, the coupling reactions are hampered by (probable) deleterious side reactions between the alkyl chloride functionality on the polymer and impurities generated by heating DMF (the reaction solvent). The effect of these side reactions becomes more serious as the molecular weight of the polymer increases due to the reduced concentration of halide with respect to DMF. Work is ongoing to try and overcome this problem which will be vital if useful amounts of these materials are to be made for rheological investigations.
